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DYNAMICAL STUDY OF PHONONS I N  FERROELECTRIC LEAD TITANATE 
R.S. Katiyar and J . D .  F r e i r e  
In s t i t u to  de Fisica, UNICAMP, 13.100 Campinas, S. P., Brazil.  
Abstract.- L a t t i c e  dynamical formalism using r i g i d  ion model with long range 
coulomb forces and shor t  range a x i a l l y  symmetric forces has been applied t o  t h e  
c r y s t a l  of lead t i t a n a t e  i n  t e t ragona l  phase. A l l  zone center  phonons and a 
few zone boundary phonons were used i n  determining the  fo rce  constant parame- 
t e r s  both a t  room temperature and c lose  t o  Tc by nonlinear l e a s t  squares analy- 
sis. The r e s u l t s  ind ica te  t h a t  the T i 4  short  range forces  a r e  a t  l e a s t  one 
order  of magnitude l a r g e r  than the  Pb-0 forces. Moreover oxygens r e t a i n  an 
e f fec t ive  charge of 73% of t h e i r  f r e e  ion value, whereas t i t a n i u m  possess only 
67% of t h e i r  f r e e  ion charge. The eigenvector ca lcu la t ions  of the  lowest o p t i c  
mode of E-symmetry correspond t o  the  predict ion by Last,  whereas i n  BaTi03 the  
computed eigenvectors confirm the descr ip t ion  of the s o f t  mode clue t o  S la te r .  
The parameters obtained, have been u t i l i z e d  t o  compute e l a s t i c  and piezoelec- 
t r i c  p roper t i es  of PbTi03. The calculat ions of the  zone centre  phonons near Tc 
reveal t h a t  the small anharmonic forces could lead t o  the observed frequency 
changes. 
The importance of l a t t i c e  dynamics i n  studying t h e  s t r u c t u r a l  phase t r a n s i t i o n s  
i n  cubic perovskite s t r u c t u r e s  was f i r s t  rea l ized  by Cochran. l  No work has, 
however, appeared i n  l i t e r a t u r e  deal ing with the  interatomic forces i n  te tragonal  
phase and t h e i r  var ia t ions  with temperature. Lead t i t a n a t e  is one example of t h i s  
c l a s s  and undergoes a ferroelectric-paraelectric phase t r a n s i t i o n  a t  493'C, below 
which the c r y s t a l  symmetry is tetragonal  (C1 ) with one formula u n i t  i n  the u n i t  
4v 
c e l l .  According t o  Shirane e t  a1.2 the un i t  c e l l  s t r u c t u r e  may be described by 
placing Pb (K=l) a t  the  c e l l  corners, Ti (K=2) a t  (1,3,u) and oxygens (K=3,4,5) a t  
( f  , i , v ) ,  (f,O,w), (O,i,w); where u = 0.541, v = 0.112 and w = 0.612 with 
a. = 3.904 A and c o  = 4.15 A. Group t h e o r e t i c a l  ana lys i s  f o r  zone cen t re  phonons 
shows t h a t  the  12 o p t i c a l  modes should be c l a s s i f i e d  as  follows: 
3A1(Pb,Ti,0)= + 4E(Pb,Ti,0)x,y + B1(OlZ 
The subscr ip t s  x,y,z denote the displacement d i rec t ions  of the  ions included i n  
bracket. I n  the  r i g i d  ion formalism the  p o t e n t i a l  energy of an i o n i c  c r y s t a l  can be 
wr i t t en  as  the sum of short  range repulsive and long range coulomb forces.  For lead 
t i t a n t e  considering ion p a i r  po ten t ia l s  f o r  a l l  i n t e r a c t i o n s  f o r  dis tances l e s s  than 
3.5 A, the shor t  range par t  of p o t e n t i a l  energy may be elaborated as follows: 
t l  9 1 
$S,R. = 4$13(r13) + 4'$14(r14) + 4$14(r14) + $23(r23) + '$23(r23) + 4$24(r2/+) + 
8'$34(r34) + 4 6 4 5 ( r ~ 5 )  ( 1  ) 
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where r' a r e  second neighbor dis tances .  Each shor t  range p o t e n t i a l  is assumed t o  be 
of a x i a l l y  symmetric type. The p o t e n t i a l  minimm equat ions  were worked out i n  t h e  
manner suggested by K a t i ~ a r . ~  These condi t ions  were i n  t u r n  used t o  compute f i v e  
I 
t a n g e n t i a l  f o r c e  constant  parameters,  namely, B13, B14, BZ3, BZ3 and BZ4. I n  o rder  
t o  reduce the  number of f o r c e  constant  parameters f u r t h e r  we assumed t h a t  the  r a d i a l  
fo rce  constants  may be i n t e r r e l a t e d  by Born-Meyer type of p o t e n t i a l  f ~ n c t i o n , ~  i.e. 
wi th  similar r e l a t i o n s  f o r  o the r  %, . The constant  cy,-O can be r e l a t e d  t o  i n  
Pauling's p o t e n t i a l  func t ion4  a s  follows: 
OLg-0 = + l ) / ~ ( j - ~  (3)  
where corresponds t o  the  d i s t ance  between the  two oxygens i n  contact .  These 
t ransformat ions  allowed us t o  reduce the  number of undetermined parameters t o  
1 
eleven, namely, n ~ b - 0 ,  All+, A23, A ~ 5 *  B14, B347 B45* Zpb and '0' The 
value of was f i x e d  t o  7 a s  given by Paul ing and t h e  remaining 10 parameters 
were obtained by l e a s t  squares  f i t  t o  the  zone cen t re  phonons5 and a few zone 
boundary phonons6 us ing  the  method suggested by Kat iyar  and Mathai. ' Reasonably 
good agreement between the ca lcu la ted  and the observed frequencies  was obtained 
except f o r  A1(T03) phonon i n  which case  t h e  ca lcu la ted  frequency is 578 cm-l whereas 
the  observed frequency was 646 cm-l. This and o the r  small disagreements may be 
due t o  t h e  neglect  of t h e  p o l a r i s a b i l i t i e s  of t h e  ions  i n t o  the  r i g i d  ion model. 
The values of the  best  f i t t e d  parameters were used t o  compute the  a x i a l l y  
symmetric fo rce  constant  parameters and they are a s  follows: A13 = 19.25, AI4 = 
I 1 
38.01, A14 = 6.94, AZ3 = 192.80, AZ3 = 48.89, AZ4 = 122.80, A3,, = 4.85, A45 = 6.27, 
I t 
B 13 = -2.62, B = -7 '27, B = -2.02, Bp3 = -25.10, BZ3 = -0.49, Bg4  = -14.31, 
B3,, = -1.38 and B45 = -2.01; a l l  i n  t h e  u n i t s  of e2/2v. 
The parameters shown above appear t o  be phys ica l ly  acceptable .  The l a r g e  
values of AZ3, AZ3 and AZ4 i n d i c a t e s  t h a t  the re  a r e  s t rong  fo rces  between Ti and 0 
ions ,  whereas t h e  oxygen-oxygen i n t e r a c t i o n s  (A3,, ,AQ5) a r e  considerably weaker. The 
i o n i c  charge obtained f o r  Pb i o n  is 1.695e and f o r  the  oxygen i o n  is -1.456e. These 
values  suggest highly i o n i c  charac te r  of the  c r y s t a l .  
From the  e igen vector  ca lcu la t ions  the  normal mode p i c t u r e  f o r  t h e  s o f t  mode 
corresponding t o  E(TO1) i s  drawn i n  Fig. 1. I n  t h i s  mode both T i  and 0 ions  move 
aga ins t  Pb ions along x- o r  y-axis. Similar  movements occur i n  t h e  s o f t  mode 
A1(TO1) a long z-direct ion.  This desc r ip t ion  of the  s o f t  mode is i n  agreement with  
the  proposal by ~ a s t ~  f o r  BaTi03. We have c a r r i e d  out the  above ca lcu la t ions  f o r  
BaTi03 a s  we l l  and t h e  eigen vector  ca lcu la t ions  f o r  t h e  lowest d ipo la r  mode suggest  
tha t  both Ba and 0 ions  move aga ins t  the  Ti ions along the  p r i n c i p a l  axes which is  
i n  agreement with the  p i c t u r e  proposed by s l a t e r g  f o r  BaTi03. 
W e  have a l s o  ad jus ted  our fo rce  constant  parameters t o  ob ta in  reasonably good 
agreement between t h e  observed1@ and the  ca lcu la ted  f requencies  c lose  t o  the  phase 
Fig. 1: Normal mode p i c t u r e  f o r  E(lDl) 
mode ions  have been p ro jec ted  on t h e  xy- 
plane. 
t r a n s i t i o n  temperature (- 493OC) i n  PbTi03. The lowest o p t i c  mode E ( T 0 3  v a r i e s  
from 88 cm-l t o  54 cm-l, whereas t h e  lowest A1(TO1) decreases  t o  62 cm-' from 
147 cm-l. A c lose  look a t  t h e  f o r c e  constant  v a r i a t i o n s  r evea l s  very small  changes 
i n  t h e i r  values  except f o r  t h e  parameters A2,+, A3,+ and whose values  decrease  by 
about 20-30% near  Tc. Perhaps r e l a t i v e l y  small anharmonic f o r c e s  could e x p l a i n  such 
changes. 
The a c o u s t i c  wave propagation i n  p i e z o e l e c t r i c  c r y s t a l s  has been discussed i n  
d e t a i l  by Hutson and White. l1 Following t h e i r  approach we have computed 
p i e z o e l e c t r i c  and e l a s t i c  c o e f f i c i e n t s  f o r  l ead  t i t a n a t e  us ing  t h e  f o r c e  fons tan t  
parameters obtained from phonon f requenc ies  f i t .  The ca lcu la ted  values  of e l a s t i c  
cons tan t s  a r e  a s  fol lows ( i n  u n i t s  of 1011 N / M ~ ) :  Cl l  = 1.327, C l p  = 0.846, C13 = 
0.891, C 33 = 0.934, Cr4 = 0.801 and C66 = 0.927; and those  of p i e z o e l e c t r i c  
c o e f f i c i e n t s  a r e  given below ( i n  u n i t s  of 10-l2 C/N): d15 = 45.52, dgl  = -15.07, 
d 3 3  = 51.00. 
I n  above c a l c u l a t i o n s  we have used t h e  values  of E ~ ~ / E ~  = 125.6 from t h e  work 
of Frey and Silberman and E ~ ~ / E ~  = 30.0 ( d i e l e c t r i c  constant  a long c-axis) as 
repor ted  by Bhide et a l .  Unfor tunate ly  no s i n g l e  c r y s t a l  measurements e x i s t  i n  t h e  
l i t e r a t u r e  t o  compare wi th  our ca lcu la t ions .  We have a l s o  computed t h e s e  
c o e f f i c i e n t s  f o r  BaTi03 and except f o r  C4,+ they compare w e l l  wi th  t h e  c a l c u l a t i o n s  
of Devons h i r e .  l 
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